Previous genome screens in multiple sclerosis have shown some evidence of linkage in scattered chromosomal regions. Although in no case the evidence of each single study was compelling and although in general the linkage 'peaks' of the different studies did not coincide, some regions can be considered likely candidates for the presence of MS risk genes because of the clustering of MLS scores and homology with eae loci. We performed a linkage analysis of markers in these regions and of intragenic markers of some individual candidate genes (HLA-DRB1, CTLA-4, IL9, APOE, BCL2, TNFR2). For the first time, Southern European populations were targeted, namely Continental Italians and Sardinians. A total of 69 multiplex families were typed for 67 markers by a semi-automatic fluorescence-based assay. Results were analysed for linkage by two non-parametric tests: GENEHUNTER and SimIBD. In general, the linkage scores obtained were low, confirming the conclusion that no gene is playing a major role in the disease. However, some markers, in 2p11, 3q21.1, 7p15.2 and 22q13.1 stood out as promising since they showed higher scores with one or the other test. This stimulates further association analysis of a large number of simplex families from the same populations.
Introduction
Multiple sclerosis (MS) is a complex disease of the central nervous system (CNS) characterised by relapsing remitting or chronic progressive course and inflammatory demyelinating lesions of CNS white matter. In western countries MS represents, after trauma, the most frequent cause of disability among young adults. 1 A large amount of evidence indicates that an immunemediated mechanism is responsible for damage to the nervous tissue. [2] [3] [4] MS is caused by an interplay of environmental and genetic factors. Their relative weight can be evaluated by three approaches: population epidemiology, twin concordance and family aggregation. Epidemiological studies show that environmental factors, likely infectious agents, play a major role as demonstrated by change in MS risk consequent on migration from high to low risk areas and vice versa, and occasional 'epidemics' in small communities after contact with groups of individuals from high risk areas. 5 However, they also demonstrate the importance of genetic factors in that some ethnic groups maintain their relative resistance to MS even when they reside in areas where MS is common (eg Gypsies in Hungary, Blacks and Orientals in USA, Maoris in New Zealand, Lapps in Scandinavia). 6 Twin studies clearly demonstrate the role of genetic factors since MZ concordance is substantially above DZ concordance (25-30% versus 3%) but also show the importance of the environment since the concordance level in MZ twins is well below 100%.
Remarkably, familial aggregation is largely controlled by genetic factors since the disease risk in relatives closely follows the degree of genetic similarity with the proband, according to polygenic inheritance model, and is proportional to their kinship coefficient also for second and third degree relatives who are less likely to have shared the same environmental exposure. 7 More direct evidence that familial aggregation is mostly or completely due to genetic factors comes from adoption 8 and half-sib 9 studies. The current interpretation is that although MS is heavily influenced by environmental factors, they are not family specific. Hence the study of multiple-case families is most likely to provide information on genetic factors. The rather high level of λs (20-40) compares favorably with that of type 1 diabetes (λs = 15) in which linkage studies have been largely successful. Moreover, in MS the contribution of MHC is lower than in diabetes leaving more 'room' for the contribution of other genes.
Prompted by this promising background, a systematic search of MS genes was undertaken in several populations by whole genome linkage screens. The conclusions were that no predominant susceptibility gene is involved, that no locus (not even HLA) can be consistently shown to be MS linked in all screens and that the presence of minor loci (with λs < 1.5) cannot be excluded in any sizeable portion of the genome.
Nevertheless, for some chromosome regions multiple indications of possible linkage have accumulated, particularly on 2p, 5p, 5q, 17q and 19q. 10, 11 They are weak, in no case reaching a level of 'suggestive evidence' 12 and they do not necessarily concern the same marker in the different screens, but in some cases they coincide with regions of homology to eae genes in the mouse 13 and in the rat.
14 Thus these regions are a logical starting point for further analysis and replication attempts.
We performed a linkage analysis in Southern European populations with the following rationale. All studies have been so far done on Northern Caucasoids. However, linkage analysis is very sensitive to the disease gene frequency. For a gene of moderate to low effect 10-100 fold fewer sib pairs may be needed to show linkage in a population where the frequency of the disease allele is intermediate compared with one where it is either high or low. 15 Therefore the choice of the population can be critical. We experienced with IDDM12 in type 1 diabetes a precedent in which a genomic region, where weak or no evidence for linkage was reported in Northern Caucasoids, showed significant linkage in Southern Caucasoids. 16, 17 The present study includes a panel of multiplex families from Continental Italy and from Sardinia. Sardinians belong to a rather homogeneous and isolated population with a genetic background substantially different from that of other populations; 18 features that are relevant in view of subsequent association studies. Moreover, the incidence of MS in Sardinia is higher than in other Italian regions and close to Northern European incidence rates. 19, 20 Markers in candidate regions were selected on the basis of previous linkage data and included a few candidate genes, namely HLA-DRB1, CTLA-4, IL9, APOE, BCL2 and TNFR2. HLA was chosen as the only locus that showed consistently genetic association and, less consistently, linkage to MS. CTLA-4 has been shown to be associated with IDDM 16 and other autoimmune diseases 21 and, like BCL2 and TNFR2, is involved in the regulation of lymphocyte activation. IL9 is a representative of the IL gene cluster that MS linkage analysis in Italian families t resides within an eae-linked region in the rat.
14 APOE is located in a region showing some evidence of linkage to MS and its variation is relevant in other neurological diseases.
Materials and Methods

Diagnostic Criteria
Index patients and affected siblings with a diagnosis of definite multiple sclerosis according to Poster et al, 22 were enrolled in the Hospitals of Bari, Cagliari, Catanzaro, Chieti, Florence and Rome universities. Each patient was submitted to clinical evaluation by a trained neurologist and to cerebro spinal fluid and magnetic resonance imaging analysis.
Families
Relatives of index cases and affected siblings were recruited in the same centres as part of a programme for collecting genomic material from Italian MS multiplex families sponsored by the Italian Multiple Sclerosis Foundation (FISM). Details are shown in Table 1 . Enrolment of patients and relatives followed their informed consent.
Genotyping
DNA was extracted from peripheral blood by standard techniques. Samples were analysed for 67 microsatellites grouped in six pools. Preference was given to the markers studied in the previous genome screens. Most of them (49) were (CA)n repeats belonging to the Genethon map. 23 The remainder were included in the CHLC map. 24 Polymerase chain reaction (PCR) was performed in 10 µl using 40 ng of DNA, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5-2 mM MgCl2, 200 mM of each dNTP, 4 pm of each primer and 0.5 U of Taq DNA polymerase.
Forward primers were 5'-labelled with one of the four ABI (Forster City, CA, USA) fluorescence dyes (FAM, HEX, TET, Tamra). PCR reactions were performed in a 9600 Perkin Elmer (Norwalk, CT, USA) thermal cycler for 30 s at 95°C, 30 s at 52-57°C, 30 s at 72°C for 30 cycles, followed by a final extension step of 5 min.
PCR products of 11-13 microsatellites were pooled according to their non-overlapping fluorescence colour and size ranges. The pools were treated with T4 DNA polymerase (0.8 U in 3 µl at 37°C for 30 min). Two µl pool were added to 3 µl of loading buffer (72% formamide, 14% dextran blue, 14% GENESCAN-350 Tamra or GENESCAN-350 Rox (ABI) as an internal size standard), denatured at 95°C for 5 min and loaded on a 6% denaturing polyacrylamide gel. Electrophoresis was performed in a 24 cm gel for 8 h at 2500 V 40 mA and 30 W in an ABI 373A sequencer. Data were collected and sized using the Genescan 672 and Genotyper 2.1 software (ABI).
Data obtained from different gel electrophoreses were tested for uniformity by comparing the allele specific size values assigned to two reference samples loaded in each gel, namely the CEPH 134702 cell line and a local DNA sample.
Allele standardisation and control of family segregation were performed using the GAS package version 2.0 (Alan Young, Oxford University, 1993-95).
HLA-DRB1 typing was performed by the Sequence Specific Primer (SSP) technique (Dynal DR low resolution SSP; Dynal, Oslo, Norway) and by the sequence specific oligonucleotide (SSO) technique according to the XII Histocompatibility Workshop protocol. APOE genotypes were determined by digestion with the restriction enzyme Hhal of the amplified fragment containing the polymorphic exon IV of the APOE gene (primers: 5'-TCG GCC GCA GGG CGC TGA TGG-3' and 5'-CTC GCG GGC CCC GGC CTG GTA-3'). Electrophoresis on 2% Metaphor (FMC, Philadelphia, PA, USA) agarose plus 1% standard agarose and staining with ethidium bromide were used.
Statistical Analysis
The data were analysed for linkage by two non-parametric methods.
The GENEHUNTER program 25 was adopted because it allows extraction of linkage information from all relatives, including families with affected members other than sibs, and lacking one or both parents. NPL all scores were determined. Single-point analysis was performed for all markers. The program calculates P values based on the asymptotically normal statistic. NPL scores for X-linked markers were calculated by the xgh version of the program. Multipoint analysis was also performed in the chromosomal regions where several closely located markers were tested. Genetic distances between the markers were calculated by the LIK2P module of the GAS 2.0 package and were in substantial agreement with the Généthon map distances from CEPH families. When the linkage lod score was not significant (i.e. < 3) we utilised the sex-averaged genetic distances from the Généthon map 23 for Généthon markers and genetic distances from LDB database 26 for the remaining markers, except for MAOB whose distances were derived from Davies et al.
27 uses a conditional simulation approach to produce an empirical null distribution and empirical P values. Like GENEHUNTER it uses all available genotypes in unaffected individuals to measure identity-by-descent (IBD) sharing. In some instances, it possesses a power of extracting linkage information higher than GENEHUNTER-All statistics. 29 The 1/sqrt(p) weighting function was used, where p is the population frequency of a given allele, with a number of replicates of 1000.
Results
Two panels of multiplex families, Sardinians (28 families) and Continental Italians (41 families), were analysed by GENEHUNTER and SimIBD. Each test extracts subsets of the complete linkage information from the available data set and they may increase the power of the overall analysis and reduce the risk of type II errors.
A summary of the data is provided in Table 2 . This is so organised as to facilitate comparison with data from other studies. It reports the cytogenetic localisation of the tested markers as derived from the LDB integrated map; 26 the genetic distances between the markers; the NLP all scores obtained by GENEHUNTER; the empirical P values calculated by SimIBD and the linkage scores in genome screens performed in USA/ French, 30 UK, 31 Canadian, 32 and Finnish families. 11, 33 Linkage data are reported for each of the two sets of families, Sardinian (Sard) and Continental Italians (Cont) and for both sets combined (total). Only the single point NPL statistics is shown. NPL probability levels were in all cases > 0.05 except for D7S484 in the combined set (NPL 1.66 P = 0.048). Suggestions of linkage, ie NPL scores equal to or higher than 1.0 and/or SimIBD P values < 0.05 in at least one family set were found in 2p11, 2q33 (CTLA-4), 3p11, 3q21, 5p15, 5p11, 5q12, 5q14, 6p21 (HLA), 7p15, 17q12, 22q13, Xp11. They are highlighted in Table 2 . Mostly negative scores were observed in chromosomes 1p, 3p, 4q, 7q, 12p, 12q, 14q, 17p, 19q, Xq and for the individual candidate genes TNFR2, IL9, BCL2 and APOE. The D17S807 marker in 17q21 was particularly interesting because it showed suggestive linkage evidence both in the Finnish 11 and in the UK 31 screens. We obtained an NPL score of about 0.9, lower than the relatively high scores of the previous studies, but close to our arbitrary threshold of 1.0.
Multipoint NPL analysis in the regions where multiple markers were tested did not substantially increase the linkage scores, despite acceptable levels of extraction of information content. The multipoint data are shown only for chromosome 5 (Figure 1) . With a level of information extraction of about 70%, the maximum NPL all score observed was 1.13 (P = 0.13) in the Sard set in the q14 region near the D5S815 microsatellite. The same marker gave an MLS 1.14 in the US/FR study. Low or negative scores were given by other chromosome 5 regions, even though this chromosome appeared the most promising as judged from data of linkage in the other studies and from the homology of the p14-p12 region with the eae2 mouse region.
Discussion
This is the first linkage study in MS performed on Southern European Caucasoids. Our data provide some evidence of linkage in regions that were singled out by previous studies. The linkage scores are in general low, yet positive and not dissimilar from those expected from genes of low effect studied in populations of limited sizes. In fact, even the contribution of HLA, that is supported by association studies in several populations, was not detected by linkage in all studies and, within each study, in all sets.
11,30-33 Likewise, we observed an NPL score > 1 with HLA-DRB1 in Continental Italians and a lower, although still positive score in Sardinians, even though a significant HLA association was observed in both populations 34 (CB unpublished results). The relative contribution of HLA to familial aggregation can be estimated in the Continental families where 19% of sibships share no alleles IBD. Following Risch 35 and assuming a multiplicative model and a λs for MS = 20, the HLA contribution was 9.3% by the calculation method proposed by Todd. 36 This is comparable to the figure of 13.5% deduced from the data of Sawcer et al 31 under the same assumptions but much lower than the data of Risch (29%) and of Haines et al 37 (54%) . The reasons for these wide fluctuations are not easily understood and could reflect marked population variations.
The problem of replication is strictly related to the magnitude of the genetic effect to be detected. The chance of replication decreases not linearly, but according to the square of the effect of the gene. All linkage studies so far indicate the absence of any gene with a predominant effect in MS. However, the evidence for the presence of MS genes and for them accounting for most of the family aggregation is overwhelming. [8] [9] Assuming that 10 (or more) epistatic genes of equal effect contribute a λs of about 30, each of them would have a λs = 1.4 (or less). Under these conditions, and any low level lod score that may be obtained is unlikely to be replicated in independent studies or sets of patients. However, if any of the genes has a somewhat higher effect, eg a λs close to 2, similar to that of APOE in Alzheimer's disease, 38 it is still possible that it can be detected by a sample size of the order of a few hundreds, which is already available by combining the multiplex families so far tested (Table 3 ). In the present study, the same markers used by the other groups were tested also in view of a possible metaanalysis. It is desirable that such a combined analysis be performed.
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The limitation due to the sample size in any single study and population is apparent considering the multipoint analysis of chromosome 5 in the Sardinian families (Figure 1 ). The NPL score peak around 5q14, which is absent in Continental Italians, may point to a favourable situation in the Sardinians in terms of frequency of a particular disease allele. However, further linkage analysis is discouraged by the fact that the 28 families tested already represent about 50% of the total multiplex families in Sardinia.
Why is it important to record 'weak linkage data' despite the seemingly disproportionate effort required?
The hopes of finding 'major genes' have disappeared in MS as well as in other complex diseases. The underlying reasons, beside the low sensitivity of the analytical tools, may also be the presence of strong and difficult to unravel epistatic interactions between different genes. However, there is a recognisable trend towards accumulation of weak linkage evidence on some regions and not on others, with some sharing between different autoimmune diseases. 39 These 'tips of icebergs' that in some case coincide with 'eae homology regions' may be important pointers to regions where association studies could be undertaken. The low-degree HLA linkage provides a good example. Historically, since HLA is an obvious candidate locus, linkage studies were preceded by association studies. The rather low and scattered linkage scores obtained in the different sets of families, including ours do not represent a proof of involvement of HLA in the disease. However, retrospectively, if they had prompted an association study, the latter would have been successful. One can hope that similar weak evidence of linkage in other regions underlies the presence of some disease gene that can be detected by association studies. The latter are per se more sensitive and experimentally easier since they require single-case families. In this regard, some regions stand out from the present work as good candidates, ie 2p11, marked by 
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S D'Alfonso et al t microsatellites D2S169 and D2S139, 3q21 (microsatellite D3S1278), 7p15 (microsatellite D7S484) and 22q13 (microsatellite D22S283). 7p15 is especially appealing since it is homologous to a region harbouring a rat eae locus 14 and coincides with a region where markers linked to several autoimmune diseases (MS, Crohn disease and asthma) are clustered. 39 Moreover, our data support previous results indicating that there might be a candidate susceptibility locus in 17q21.3 (microsatellite D17S807).
11
In conclusion, we think that the present data provide some additional evidence for the presence of linkage to MS in selected genomic regions and also provide sufficient ground for the collection of a large number of simplex families in Sardinia and in Continental Italy in which to test for genetic association by a dense array of markers. 
